In a recent work in Nature, the Xu group at the University of California, San Diego (UCSD) demonstrate the ability to tune strain to alter the optical and electrical properties of halide perovskites. Strained a-formamidinium lead iodide (a-FAPbI 3 ) shows phase stability up to 360 days compared with the metastable strain-free a-FAPbI 3 .
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The potential of perovskites for creating the most efficient solar energy is listed as a science event to watch by Nature. 1 Perovskites are materials that share a similar dense crystal structure (the so-called ''perovskite structure'') like calcium titanium oxide (CaTiO 3 ) with its characteristic ABX 3 strucutre or, with more chemical detailing, XII A 2+VI B 4+ X 2À 3 . Perovskites were first discovered in Russian minerals in 1839 and are named after Russian mineralogist L.A. Perovski but sprung to recent popularity with the discovery of novel energetic behaviors. Perovskites exhibit exciting properties like superconductivity and magnetoresistance for cutting edge scientific research. Among the interesting properties is the photovoltaic response, critical for solar energy generation.
Perovskite-based solar cells have witnessed an efficiency from 1% to over 25% in less than ten years. Perovskite materials are expected to complement conventional semiconductors such as Silicon and III-V materials for industrial applications. However, there are still multiple challenges to be addressed for the industrial application of perovskite materials, such as environmental stability and, more seriously, operational stability and reproducibility.
Polycrystalline metal halide perovskites have shown promising potential in photovoltaics, sensing, and light-emit-ting applications because of their remarkable optoelectronic properties. Compared with their polycrystalline counterparts, single-crystal halide perovskites not only show reduced defect density, enhanced carrier dynamics, and extended material stability, but also allow heteroepitaxial growth for creating lattice strain to tune their optical and electrical properties. Although frequently attempted, 2-5 controllable and device-compatible strain engineering of halide perovskites is a grand challenge.
Recently, Yimu Chen, Yusheng Lei, and colleagues from the Xu group at University of California, San Diego (UCSD) invented a new approach to control strain magnitude in halide perovskites. 6 They introduce strain into the a-FAPbI 3 by epitaxially growing it on a series of mixed methylammonium lead chloride and bromide single-crystal substrates (Figure 1 ). The mixed substrates have different lattice constants that mismatch with the a-FAPbI 3 . The induced compressive strain in the a-FAPbI 3 can be up to À2.4%. X-ray diffraction characterizations demonstrate a gain of tetragonality with the increment of the strain magnitude in the epitaxial a-FAPbI 3 . In addition, peak shifting and peak splitting are found in their Raman spectra, indicating the breaking of cubic symmetry in the strained a-FAPbI 3 . If the properties of perov-skites are related to their unique structures, what effect would strain have on their behavior?
The strain alters not only the crystal structure but also the electronic band structure of the a-FAPbI 3 . Combined photoluminescence and ultraviolet photoelectron spectroscopy studies suggest a reduction of the bandgap and a lifting of the valence band maximum when increasing the compressive strain magnitude. Firstprinciple calculations attribute the lifting of the valence band maximum to the enhanced coupling between Pb 5s and I 6p orbitals in the valence band. In addition, the calculation results suggest a reduction of hole effective mass with the increasing compressive strain. Using a lithography-based microfabrication process invented by the same group, 7 they studied the carrier mobility of the strained a-FAPbI 3 by Hall effect and time-of-flight measurements. Results indicate an obvious hole mobility increment at the relatively low strain region because of the straininduced hole effective mass reduction. As an example of device applications, strain engineering is applied to enhance the performance of an a-FAPbI 3 -based photodetector. The strain can improve the responsitivity, detectivity, gain, and external quantum efficiency of the photodetector. However, a higher strain magnitude can lead to a higher dislocation density for strain relaxation at the interface, as made evident by the hole mobility drop at a relatively high strain magnitude. Therefore, the performance of the metamorphic device is an interplay between strain-induced property enhancement and dislocations.
Another very interesting discovery of this study is the enhanced phase stability (up to 360 days) found in the epitaxial a-FAPbI 3 . As an emerging alternative for the most frequently studied methylammonium lead iodide, a-FAPbI 3 gradually gains attention because of the outstanding device performance despite the fact that a-FAPbI 3 suffers from a notorious phase transition issue. At room temperature, photo-active black a-FAPbI 3 will gradually transform into photo-inactive yellow d-FAPbI 3 , which significantly deteriorates the device performance. Existing methods to stabilize a-FAPbI 3 include alloying, surface functionalization, and nanoconfinement can lead to the enlarged bandgap, increased carrier transport barrier, or fabrication incompatibility. [8] [9] [10] In this work, the researchers provide a new strategy to stabilize a-FAPbI 3 by the epitaxial stabilization effect. Constraint from chemical bonds at the epitaxial interface restricts atoms from rearrangements (crystal structure change) during the phase transition, leading to a stable and phase-pure a-FAPbI 3 at room temperature. Additionally, the compressive strain also neutralizes the built-in tensile strain at the (111) plane of a-FAPbI 3 , which is believed to be the origin of the a-FAPbI 3 phase transition. 8 The new strategy for controllable and device-compatible strain provides a new tuning knob to the perovskite materials for improving their functional properties and also facilitating understanding of the fundamental mechanism of this intriguing class of materials. This strain knob can not only be applied to the a-FAPbI 3 but may also be generalized to a broader family of hybrid perovskites (similar to a general compression guitar pedal as depicted in Figure 1 , admittedly with different underlying physical principles). More complex strains could potentially be explored (e.g., shear), opening up the potential design space for tunability. Meanwhile, the composition engineering of hybrid perovskites by first-principle calculations allows the exploration of new perovskites that have not been synthesized. Although many of these predicted perovskites can be energetically unstable under the room temperature, the epitaxial stabilization effect might provide possibilities for stabilizing those new perovskites for broader applications.
Despite this breakthrough in the halide perovskite research community, significant efforts are needed to improve the resistance of this material to environmental conditions (e.g., moisture, oxygen, and temperature), scale up the production by multiple deposition methods of the strained epitaxial thin films, discover new functionalities induced by the strain, and reduce the film thickness to a few atomic layers of thickness, which is required for many quantum-well superlattices in conventional semiconductor heterostructures. Despite all these barricades, extensive research on perovskites paves the way for their industrial applications in the near future.
